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Abstract 
 
This thesis presents a design optimization strategy for insulation structure of High Voltage Direct 
Current (HVDC) converter transformer. Recently, HVDC power transfer system is drawing attention 
because of its efficient bulk power capability. HVDC power transfer system is typically composed of a 
transformer, an AC-DC converter, and transmission lines. Because of the AC-DC converter connected to 
the transformer, electric stresses such as AC, DC, and DC polarity reversal (DCPR) are excited onto the 
transformer, whereas only AC stress is excited on the conventional AC power transmission systems. 
Since DC and DCPR stresses cause significantly different electric field distributions in the insulations, 
transformer insulations designed for AC systems do not guarantee safety under those stresses against 
electrical breakdown. Therefore, when designing insulation for HVDC converter transformer, each 
insulation material, transformer-oil and barriers, should be differently placed compared to AC 
transformers. This problem of placing insulation material can be solved by identifying design variables of 
transformer insulation and optimizing them with an objective function that is constructed to improve the 
robustness of transformer insulation. This thesis focuses on the design optimization of two types of 
insulations, parallel oil-barrier insulation between conductors and end-winding insulation, because 
electric fields are stronger in those areas than other areas. The proposed algorithm can optimize the two 
insulations either separately or at the same time in a sequential way. Because no computer-aided design 
optimization algorithm has been suggested until now, the algorithm is expected to save a considerable 
amount of effort and time comparing to the approaches depending on experimental data and human 
experience. Genetic Algorithm is used for the optimization, and the analyses of each candidate solution 
structure are performed with Finite Element Analysis. Reliability analysis is included in the optimization 
process to consider the unexpected insulation failure due to positional deviations of barriers, which can be 
caused by alternating electric field and manufacturing inaccuracy. In the end of this thesis, the resultant 
insulation structures are compared with reference structures which are provided from a manufacturer. The 
suggested algorithm produces parallel oil-barrier insulations having 5% less insulation lengths than 
reference insulations on average under both AC and HVDC stresses, while maintaining their robustness, 
which means the achievement of the design objective. If the reliability analysis is incorporated into the 
algorithm, 4.6% increase in the insulation length is observed.  
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I. Introduction 
 
High Voltage Direct Current (HVDC) technology is recognized that it has better characteristic for 
many purposes over the conventional AC systems. For example, HVDC power transmission system can 
transmit bulk power over long distances with lower loss than AC systems[1]. In addition, the 
incorporation of renewable energy sources into grid is strongly dependent on HVDC links[2]. Therefore, 
recently there are many HVDC-related researches and projects on progress to facilitate those beneficial 
aspects of HVDC technology. The related research fields are, for example, studies about multiple grids, 
Transmission System Operators (TSO) in large scale, interconnections, converter systems, and insulation 
analyses[3-6]. 
Especially for HVDC apparatus insulations, Hammer did a research and found out that AC insulations 
are not suitable for HVDC systems because of resistivity of materials which causes different field 
distributions compared with AC-only excited cases, and also suggested appropriate design rules for both 
internal and external insulations based on his idea[7]. Li and Zhang did transient field analyses of 
insulation of HVDC converter transformer valve winding to see electric charge distributions and the 
effects of resistivity ratio on the distribution of the insulation under DC polarity reversal (DCPR) stresses 
[8, 9]. Qi also did transient field analyses on bushing outlet insulation in HVDC converter transformer 
under DCPR stresses and found out the importance of DCPR analysis and the duration of polarity reversal 
which should be less than one minute for insulation designs in his research[10]. Liu suggested a time-
adaptive transient analysis technique which is faster and accurate for analyses of HVDC insulations and 
verified the technique by comparing the numerically computed result using his method with an analytic 
one[11].  
Although insulations for HVDC systems have been analyzed by several researchers with different 
purposes, a standardized and automated insulation design methodology has not yet been reported. If the 
methodology can be aided by modern computing power, it is expected to save a considerable amount of 
time consumed in the design processes when compared with the former approaches depending on 
experimental data and human experience which are highly time-consuming for both manufactural and 
research-related purposes. Therefore, this thesis suggests a design optimization algorithm of insulation for 
HVDC converter transformer. 
The only difference between HVDC converter transformer and conventional power transformers is the 
material alignments of their insulations. Insulations for HVDC converter transformer must withstand not 
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only AC stress but also DC and DCPR stresses, with which AC transformer insulations are not guaranteed 
safe against electrical breakdown or partial discharge. Therefore, when designing insulations for HVDC 
converter transformer, additional considerations on DC and DCPR stresses must be taken into 
account[12]. 
In order to design HVDC converter transformer insulation, first it should be understood how 
transformer insulation responds to AC, DC, and DCPR stresses so that design principles can be derived. 
The response, electric field distribution, of insulation under the stresses are determined by the relative 
ratio of material property difference. Insulations for transformer normally consist of two types of material, 
barrier and transformer-oil. Barriers are positioned in parallel with different distances to each other, and 
all empty spaces between barriers are filled with transformer-oil[13]. Oil has bigger conductivity than 
barrier and barrier has bigger permittivity than oil, and the difference of conductivity is much larger than 
permittivity difference. Because of the differences, when in DC stress conditions, a conductive field 
distribution formed in an insulation is strongly concentrated in barriers. In contrast, when in AC stress 
conditions, a capacitive field distribution is stronger in oil but not highly concentrated as the DC stress 
condition[6]. Transient analysis has to be performed to observe the field distribution under DCPR stress 
condition, and it is that, during the process of DCPR, electric fields reinforce in oil and diminish in 
barriers[8, 14]. The fields in oil are at their maximum at the end of DCPR process[8]. Field distributions 
to each stress are also dependent upon the insulation structure itself, that is, shapes and positions of 
barriers determine the areas on which strong fields appear[15]. Therefore, the design variables of 
insulation are the shapes and positions of barriers, which are only changeable. Additionally, there must be 
unpredictable positional deviations of barriers which should worse the robustness of insulations. The 
deviations can be caused by manufactural inaccuracy or alternating electric fields.  
The objective of this optimization is to obtain insulation structures which are robust and also 
physically small while being robust even with the unpredictable barrier position deviations. In order to 
estimate robustness of insulations, field analysis with Finite Element Method and reliability analysis are 
used. For the design optimization, Genetic Algorithm is adopted because of its multi-variable 
optimization capability without analytic computation of variable relations. The field analysis and 
reliability analysis are incorporated into the optimization algorithm. The suggested optimization algorithm 
has a capability of optimizing the two types of insulation, parallel oil-barrier insulation and end-winding 
insulation. Both insulations can be designed individually and sequentially with and without reliability 
analysis, which needs to synthesize all the before-mentioned techniques in a correct and logical way so 
that the automatic design optimization of such a complex structure could be done. 
14 
 
In Chapter II, the field analysis method (Finite Element Method) used for analyzing insulations will be 
explained. In Chapter III, an example insulation of HVDC converter transformer will be shown and 
explained and its field characteristics will be discussed under various stress conditions. In Chapter IV, the 
reliability analysis method used for this work will be explained with the term “safety factor” which 
estimates robustness of insulation. In Chapter V, the design objective of this work will be first clarified, 
and the suggested optimization method will be explained in detail. In the last chapter, the comparisons of 
the analysis results of the optimized insulations to a reference structure will be provided. 
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II. Electric Field Analysis 
 
For the design optimization of insulation, estimations of robustness of each insulation have to be done. 
These estimations are done by obtaining field distributions under electrical stresses and comparing them 
to the insulation’s dielectric strength. Obtaining field distributions are done using Finite Element Method 
with a governing equation. In this chapter, the method with the governing equation will be explained. 
 
2.1 Governing Equation 
In insulation structures of transformer, current flow exists so that electrodynamic formulation should 
be used. However, because the wavelengths used in this work are much larger than the physical 
dimension of insulations, electro-quasi-static formulation can be used. 
Electric field distribution is required in this work, and it can be extracted from electric potential 
distribution 𝜙. The governing equation, from which potential distribution will be obtained, can be derived 
from Faraday’s law. 
𝛻 × 𝑯 = 𝑱 + 𝜀
𝜕𝑬
𝜕𝑡
 (1) 
Considering the conduction current relation 𝑱 = 𝜎𝑬 and the fact that electric potential can be obtained by 
the equation 𝑬 = −𝛻𝜙, Equation 1 can be changed as, 
−𝛻 ×𝑯 = (𝜎 + 𝜀
𝜕
𝜕𝑡
)∇𝜙 (2) 
By applying divergences onto both sides and using the vector identity, 𝛻 ⋅ (𝛻 × 𝑯) = 0, the following 
governing equation can be obtained. 
𝛻 ⋅ {(𝜎 + 𝜀
𝜕
𝜕𝑡
)∇𝜙} = 0 (3) 
 
  
16 
 
2.2 Finite Element Method 
2.2.1 Construction of matrix system 
The Equation 3 can be expressed alternatively as below, 
𝐿𝜙 = 𝑓 (4) 
where 𝐿  is the differential operator, 𝑓  is excitation function, and 𝜙  is an unknown function(potential 
distribution). The quantities in Equation 4 are assumed to be in Hilbert space. According to Ritz 
method[16, 17], when 𝐿 is self-adjoint and positive-definite, the approximate solution to the equation can 
be obtained by finding the minimum stationary point of the functional F, which is 
𝐹(𝜙) =
1
2
〈𝐿𝜙, 𝜙〉 − 〈𝑓, 𝜙〉 (5) 
Because the right hand side of Equation 3 is zero, 𝑓 = 0. Thus, Equation 5 becomes  
𝐹(𝜙) =
1
2
∫ 𝛻 ⋅ {(𝜎 + 𝜀
𝜕
𝜕𝑡
) ∇𝜙}𝜙𝑑Ω
Ω
 (6) 
where Ω is the domain of interest. 
Because a transformer insulation is approximately axisymmetric in cylindrical coordinate system as 
will be shown in the next chapter, its two-dimensional cross-section using 𝑟 and 𝑧 as positional variables 
can be used instead of three-dimensional model so that Equation 6 can be rewritten in this area as 
𝐹(𝜙) =
1
2
∫ 𝑟 (𝜎 + 𝜀
𝜕
𝜕𝑡
) {(
𝜕𝜙
𝜕𝑟
)
2
+(
𝜕𝜙
𝜕𝑧
)
2
}𝑑Ω
Ω
 (7) 
By triangulation of the domain Ω, Equation 7 should be solved in each triangle elements. In each 
element, 𝑟, 𝜎, and 𝜀 in Equation 7 can be approximate as constants which can be obtained at the center of 
gravity of each triangle so that Equation 7 can be expressed in each element as below. 
𝐹𝑒(𝜙𝑒) =
1
2
𝑟𝑒 (𝜎𝑒 + 𝜀𝑒
𝜕
𝜕𝑡
)∫ {(
𝜕𝜙𝑒
𝜕𝑟
)
2
+(
𝜕𝜙𝑒
𝜕𝑧
)
2
} 𝑑Ωe
Ωe
 (8) 
The approximate solution of the above equation is assumed as below. 
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Fig. 1: The three dimensional view of 𝑵𝟏
𝒆(𝒓, 𝒛) 
 
?̂?𝑒 =∑𝑁𝑖
𝑒(𝑟, 𝑧)�𝜙𝑖
𝑒
3
𝑖=1
 (9) 
where 𝑁𝑖
𝑒(𝑟, 𝑧) is the one of the three linear basis functions in the e-th element which has the value of one 
at its subscripted numbered vertex and zeroes at other vertices, and �𝜙𝑖
𝑒 is the potential at the i-th vertex. 
𝑁1
𝑒(𝑟, 𝑧) is depicted in Fig. 1. By substituting Equation 9 into Equation 8, the below equation is obtained. 
𝐹𝑒(?̂?𝑒) =
1
2
𝑟𝑒 (𝜎𝑒 + 𝜀𝑒
𝜕
𝜕𝑡
)∑∫ {(
𝜕(𝜙𝑖
𝑒𝑁𝑖
𝑒)
𝜕𝑟
)
2
+ (
𝜕(𝜙𝑖
𝑒𝑁𝑖
𝑒)
𝜕𝑧
)
2
} 𝑑𝛺𝑒
𝛺𝑒
3
𝑖=1
 (10) 
The unknowns in the above equation are only 𝜙𝑖
𝑒’s, and 𝐹𝑒 must be at its stationary minimum when ?̂?𝑒 is 
the right solution. Therefore, by differentiating Equation 10 with respect to 𝜙𝑖
𝑒’s and find the values of 
𝜙𝑖
𝑒’s which make derivative zero, the solution, ?̂?𝑒, in e-th element can be obtained, as the below equation. 
𝜕𝐹
𝜕𝜙𝑖
𝑒 = 𝑟
𝑒 (𝜎𝑒 + 𝜀𝑒
𝜕
𝜕𝑡
)∑{𝜙𝑗
𝑒∫ (
𝜕𝑁𝑗
𝑒
𝜕𝑥
𝜕𝑁𝑖
𝑒
𝜕𝑥
+
𝜕𝑁𝑗
𝑒
𝜕𝑦
𝜕𝑁𝑖
𝑒
𝜕𝑦
)𝑑𝛺𝑒
𝛺𝑒
}
3
𝑗=1
= 0 (11) 
By combining three equations which can be obtained by changing the value of the index i in Equation 11, 
a matrix equation can be developed by the separation of 𝑟𝑒 (𝜎𝑒 + 𝜀𝑒
𝜕
𝜕𝑡
) into 𝑟𝑒𝜎𝑒 + 𝑟𝑒𝜀𝑒𝜕/𝜕𝑡. 
([𝐾1
𝑒]
𝜕
𝜕𝑡
+ [𝐾2
𝑒]) {?̂?𝑒} = 0 (12) 
, which is equivalent to the below equation. 
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[
𝐾1,1,1
𝑒 𝐾1,1,2
𝑒 𝐾1,1,3
𝑒
𝐾1,2,1
𝑒 𝐾1,2,2
𝑒 𝐾1,2,2
𝑒
𝐾1,3,1
𝑒 𝐾1,3,2
𝑒 𝐾1,3,3
𝑒
] [
𝜕𝜙1
𝑒/𝜕𝑡
𝜕𝜙2
𝑒/𝜕𝑡
𝜕𝜙3
𝑒/𝜕𝑡
] + [
𝐾2,1,1
𝑒 𝐾2,1,2
𝑒 𝐾2,1,3
𝑒
𝐾2,2,1
𝑒 𝐾2,2,2
𝑒 𝐾2,2,2
𝑒
𝐾2,3,1
𝑒 𝐾2,3,2
𝑒 𝐾2,3,3
𝑒
] [
𝜙1
𝑒
𝜙2
𝑒
𝜙3
𝑒
] = 0 (13) 
Because the only time varying quantity in Equation 11 is {?̂?𝑒}, 𝜕/𝜕𝑡  term could have been inserted 
between [𝐾1
𝑒] and {?̂?𝑒}. For matrix equations, quantities braced in  are matrices and in  are vectors. 
With equations having the form Equation 12 for all elements, it is possible to assemble them, resulting 
in a single large matrix equation for the whole domain, which is 
([𝐾1]
𝜕
𝜕𝑡
+ [𝐾2]) {?̂?} �= 0 (14) 
Equation 14 has to be modified depending on the type of analysis, time-harmonic or transient. For time-
harmonic analysis, by substituting the term 𝜕/𝜕𝑡 in Equation 14 with 𝑗𝜔, the below equation can be 
obtained. 
(𝑗𝜔[𝐾1] + [𝐾2]){?̂?} = 0 (15) 
This equation can be viewed alternatively as 
[𝐾(𝜔)]{?̂?} = {𝑏} (16) 
In this work, the vector b in the above equation is a zero vector. For transient analysis, first integrate both 
sides of Equation 14 from t to 𝑡 + 𝛥𝑡. 
[𝐾1]({?̂?(𝑡 + 𝛥𝑡)} − {?̂?(𝑡)}) + ∫ [𝐾2]{?̂?}
𝑡+𝛥𝑡
𝑡
𝑑𝑡� = 0 (17) 
By using trapezoidal integral approximation (Crank-Nicolson Method), the integration in Equation 17 is 
∫ [𝐾2]{?̂?}
𝑡+𝛥𝑡
𝑡
𝑑𝑡 ≈ 𝛥𝑡[𝐾2]
({?̂?(𝑡 + 𝛥𝑡)} + {?̂?(𝑡)})
2
 (18) 
By substituting Equation 18 into Equation 17, the below equation can be obtained. 
(2[𝐾1] + 𝛥𝑡[𝐾2]){?̂?(𝑡 + 𝛥𝑡)} = (2[𝐾1] − 𝛥𝑡[𝐾2]){?̂?(𝑡)} (19) 
This equation also can be viewed as 
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[𝐾]{?̂?(𝑡 + 𝛥𝑡)} = {𝑏({?̂?𝑡})} (20) 
With an initial condition {?̂?(𝑡0)} with time-varying conditions, {?̂?(𝑡)} can be obtained by calculating 
Equation 20 in an iterative manner. 
 
2.2.2 Imposition of boundary condition 
In this work, inhomogeneous Dirichlet boundary condition with a set of different voltages is sufficient. 
That boundary condition will be imposed onto either Equation 16 or Equation 20. The method for 
imposing this boundary condition is introducing a huge penalty term 𝜅  and multiplying it on the 
conditioned elements of the vector {𝑏} and the diagonal elements of matrix [𝐾] corresponding to the 
boundaries. This will force the boundary values automatically applied while conserving the sparse-
symmetric property of the matrix [𝐾][17]. This process can be simply expressed as the following. 
𝐾𝑖,𝑖 ← 𝜅 
𝑏𝑖 ← 𝜅?̂?𝑖 
𝑖 ∈ 𝐼 
(21) 
where 𝐼 is the set of indices of the conditioned elements of vector b. For the case of transient analysis 
where boundary condition changes with time, ?̂?𝑖 must be changed at every time step if necessary. 
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III. Insulation of HVDC Converter Transformer 
 
In this chapter, a general insulation structure of HVDC converter transformer will be introduced. Then 
its field characteristics obtained by FEM under the three types of electric stress will be shown, on which 
the safety of an insulation depends. For the design optimization of insulation, every candidate solution 
insulation will be analyzed in the same way and see its safety and physical smallness. 
 
3.1 Insulation Structure 
The type of transformers being dealt with in this thesis has roughly a big cylinder shape in which core, 
conductors, and other parts are placed properly depending on the use. The simple diagram showing the 
structure is shown in Figure 2. 
Insulation structure for HVDC converter transformers is structurally the same as that of AC 
transformers except for the relative positional alignment of insulation materials, because there is no 
difference in the functionality. Generally, these insulations structures are composed of paper-made 
pressboard barriers with transformer oil impregnated. An example cross-section of an insulation for 
HVDC converter transformer over the r-z plane in cylindrical coordinate system is shown in Figure 3. 
The properties of each material are shown in Table I. In the table, hard-type barriers are vertical barriers 
and soft-type barriers are bent-barriers (anglings) shown in both Figure 2(b) and Figure 3. 
 
TABLE I: Material Properties 
 Relative Permittivity Conductivity (S/m) 
Barrier(Hard) 4.4 1 × 10−15 
Barrier(Soft) 3.5 1 × 10−15 
Oil 2.2 1 × 10−13 
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(a) A diagram of a power transformer. The out-most shell represents a container, red and blue dotted 
cylinders are conductors (coil), and the green dotted line is a slice to view a two-dimensional cross 
section later. Other areas are a core and insulation materials. 
 
 
(b) A cross-section of a power transformer cut along the green dotted line in (a) 
Fig. 2: Example structures of power transformer 
 
22 
 
TABLE II: Dielectric Strength of Barriers 
 Dielectric Strength (kV/mm) 
Barrier(Hard) 50 
Barrier(Soft) 45 
 
Each material have different dielectric strengths, which is, barriers have constant dielectric strengths and 
oil has a dielectric strength that is a function of oil-gap length between barriers. The dielectric strength of 
barriers are shown in Table II. The dielectric strength of oil is shown below[20]. 
𝐸𝑚𝑎𝑥 = 𝐾𝑑
−𝛼 � (22) 
where K and 𝛼 are constants depending on the type of excited stress and d is the length of oil-gap. The 
length d is along the contour that is perpendicular to the equipotential line, on which electrical breakdown 
or partial discharge possibly occur. 
 
 
Fig. 3: An example of a main insulation for power transformer 
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Fig. 4: An example of boundary condition applied on Figure 3, 8, and 9 
 
Design optimization of the entire insulation at once is expected to be hard to implement because of the 
numerous number of design variables expected to be handled, but by optimizing only small important 
parts independently while considering physical continuity of each part is expected to be simpler and 
possible. In this work, the two red bordered areas in Figure 3 are the probable areas where electrical 
breakdown or partial discharge may occur, because of the small distances between high voltage and low 
voltage conditioned boundaries causing high electric field intensity induced. Therefore, the two areas are 
the target areas to optimize[15]. They will be optimized both independently and sequentially in this work. 
For the sequential optimization, first the lower area (parallel oil-barrier insulation or main insulation) 
where parallel barriers are placed between two conductors will be optimized and then the upper area (end-
winding insulation) will be optimized considering the physical continuity with the first optimization result.  
Boundary conditions also have to be applied on every conductor boundary and the surrounding outer 
boundaries of the structure. In this work, high voltages (HV) are applied on right conductors (coil and 
electrostatic ring), zero voltages (ground) are applied on left conductors and surrounding outer boundaries 
except for the bottom one, and Neumann condition is applied on the bottom surrounding outer boundary. 
An example of boundary condition applied on an insulation is shown in Figure 4. The design variables 
and restrictions of parallel oil-barrier insulation are summarized in Table III and IV, and they can be seen 
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in Figure 5. Those for end-winding insulation are summarized in Table V and VI, and they can be seen in 
Figure 6. All the values of variables are positive integers because, currently, commercial manufacturers 
cannot handle the smaller scale. Depending on additional requirements or specifications of insulation, 
more arbitrary restrictions can be added. 
 
TABLE III: Design Restrictions of Parallel Oil-Barrier Insulation 
Symbol Description 
𝑟𝑙𝑒𝑓𝑡 the left-most position 
𝑛𝑏,𝑚𝑖𝑛 the minimum number of barriers 
𝑛𝑏,𝑚𝑎𝑥 the maximum number of barriers 
𝑤𝑏,𝑚𝑖𝑛 the minimum width of barriers 
𝑤𝑏,𝑚𝑎𝑥 the maximum width of barriers 
𝑙𝑜,𝑚𝑖𝑛, the minimum length of oil-gaps 
𝑙𝑜,𝑚𝑎𝑥 the maximum length of oil-gaps 
 
TABLE IV: Design Variables of Parallel Oil-Barrier Insulation 
Symbol Description Type 
𝑛𝑏 the number of barriers single-valued integer 
𝑤𝑏 the widths of barriers numeric array 
𝑙𝑜 the lengths of oil-gaps numeric array 
 
 
Fig. 5: An example of conductor-conductor parallel oil-barrier insulation where 𝑛𝑏 = 4 
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TABLE V: Design Restrictions of End-Winding Insulation 
Symbol Description 
𝑛𝑎,𝑚𝑖𝑛 the minimum number of anglings 
𝑛𝑎,𝑚𝑎𝑥 the maximum number of anglings 
𝑛𝑟,𝑚𝑖𝑛 the minimum number of rings 
𝑛𝑟,𝑚𝑎𝑥 the maximum number of rings 
𝑤𝑎,𝑚𝑖𝑛 the minimum width of angling 
𝑤𝑎,𝑚𝑎𝑥 the maximum width of angling 
𝑟𝑎,𝑚𝑖𝑛 the minimum radius of angling 
𝑟𝑎,𝑚𝑎𝑥 the maximum radius of angling 
𝑤𝑟,𝑚𝑖𝑛 the minimum width of ring 
𝑤𝑟,𝑚𝑎𝑥 the maximum width of ring 
𝑙𝑜,𝑚𝑖𝑛, the minimum length of oil-gaps 
𝑙𝑜,𝑚𝑎𝑥 the maximum length of oil-gaps 
 
TABLE VI: Design Variables of End-Winding Insulation 
Symbol Description Type 
𝑛𝑎,𝑙𝑒𝑓𝑡 the number left-best anglings single-valued integer 
𝑛𝑎,𝑟𝑖𝑔ℎ𝑡 the number right-best anglings single-valued integer 
𝑤𝑎 the widths of anglings numeric array 
𝑟𝑎 the radiuses of anglings numeric array 
𝑝𝑏 the attachment positions of anglings to each barrier string array 
𝑛𝑟 the number of rings single-valued integer 
𝑤𝑟 the widths of rings numeric array 
𝑙𝑜 the lengths of each oil-gap numeric array 
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Fig. 6: An example of end-winding insulation where 𝑛𝑎,𝑙𝑒𝑓𝑡 = 1, 𝑛𝑎,𝑟𝑖𝑔ℎ𝑡 = 2 and 𝑛𝑟 = 2 
 
3.2 Field Characteristic 
As stated in Chapter 1, three types of electric stresses are considered in this work for HVDC converter 
transformer insulation, which are AC, DC, and DCPR. All of them induce different electric field 
distributions causing possible electrical breakdown or partial discharge in an insulation designed for AC 
stress only. To roughly understand how different the three distributions are, an analysis of an example 
insulation with the three types of stresses would be enough. 
Theoretically, when potential distribution is not changing with time as in the case of DC, conductivity 
dominates as in Equation 3. Besides, when AC stress with a frequency high enough to ignore the 
conductivity term in Equation 3, permittivity dominates. Therefore, the field distributions under AC and 
DC stresses must be clearly different. By previous researches about DCPR stress, it is known that when 
DCPR stress is applied to an insulation, a DC field superimposed with AC field appears[21]. 
Analysis of an insulation with AC, DC, and DCPR stresses are computed by using FEM with FDTD 
method for transient analysis. The resultant electric field distributions are shown in Figure 8. For the 
transient analysis with DCPR excitation, the voltage excitation profile shown in Figure 7 is used. 
Depending on applications or purposes, the profile can be changed. As seen in the Figure 8, the electric 
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field distribution in DCPR situations is seen as a combination of AC and DC excited electric field 
distributions. 
For parallel oil-barrier insulation, electric field distributions obtained by one-dimensional and two-
dimensional analyses are almost the same, because, if it is far enough from the end-winding insulation, 
along the vertical direction (z-direction), its structural form can be approximated as an infinite vertical 
barriers. For comparison, analysis results of an example insulation using one-dimensional FEM and two-
dimensional FEM are shown in Figure 10 using the insulation shown in Figure 9. The two results were 
identical so that there was zero error between them. For this work, one-dimensional FEM is used to 
reduce the computation time. 
 
Fig. 7: The voltage excitation profile and time step for DCPR analysis 
 
 
Fig. 8. (a) Electric field distribution with DC stress excitation 
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(b) Electric field distribution with AC stress excitation 
 
  
(c) Electric field distribution captured at t = 60 sec with a voltage excitation profile shown in Figure 7 
 
Fig. 8: Electric field distributions (magnitude) of an example insulation with 283kVAC (peak) and 
500kVDC 
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Fig. 9: A cross-section of an example insulation for HVDC converter transformer used for the calculation 
of one-dimensional electric field plot along the direction indicated with red-colored arrow in the 
figure. 280kVAC is applied at 𝑓 = 60Hz on the left conductors. 
 
 
Fig. 10: One-dimensional field plot calculated both using 2D and 1D analysis of the insulation using the  
extraction contour shown in Figure 9 
  
30 
 
IV. Reliability Analysis 
 
Insulations can have positional deviations of the barriers of the structure because of the manufacturing 
inaccuracy, vibrations coming from electric field oscillation, or other reasons. These positional deviations 
can cause different electric field distribution from the original distribution, which, of course, can degrade 
the robustness of insulations. To secure an insulation’s robustness in these circumstances, reliability 
analysis is needed. The analysis can be implemented by analyzing sensitivity data of each variable to the 
robustness by investigating the changing rates of robustness to the randomly changing variables[22, 23]. 
In this chapter, a method to see the sensitivities and convert them to reliability will be shown. 
 
4.1 Safety Factor 
The term “safety factor” is arbitrarily defined in this thesis to represent an insulation’s robustness, 
which can be expressed as the below equation. 
𝑠 =
|𝐸𝑚𝑎𝑥(𝑟, 𝑧, 𝑡)|
|𝐸(𝑟, 𝑧, 𝑡)|
 (23) 
where |𝐸𝑚𝑎𝑥| is dielectric strength and |𝐸| is magnitude of the applied electric field. Therefore, if the 
safety factor is at least higher than unity, it can be said that there the insulation is robust at the position 
(𝑟, 𝑧) and at the time 𝑡. On the other hand, if the safety factor is below unity, it is not guaranteed to say 
the insulation is robust. The quantity that is actually meaningful is the minimum safety factor which is 
shown below. 
𝑠𝑚𝑖𝑛 = min𝑟,𝑧,𝑡
|𝐸𝑚𝑎𝑥(𝑟, 𝑧, 𝑡)|
|𝐸(𝑟, 𝑧, 𝑡)|
 (24) 
When determining if an insulation is robust, we will just see if 𝑠𝑚𝑖𝑛 is higher than unity or a target value 
depending on requirements. 
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4.2 Reliability Analysis with Sensitivity Analysis 
In this thesis, in order to get the reliability information of an insulation, the classical sensitivity 
analysis approach is used[23]. The feasible region of this problem is where insulation structures are robust, 
which is the area in which the minimum safety factor is above the target safety factor 𝑠0. 
Each possible positional deviation of barriers can be modeled by adding values generated by normal 
distributions with pre-defined standard deviations and the mean values, the positions of each barriers, to 
the position variables of barriers. Constructing a large number of structures from a single structure by 
using the same scheme can simulate the deviation more accurately. The larger the sampling number, the 
more accurate, but it will require a lot of computation power and time so that it should be adjusted to be 
capable of the calculations for an allowed computation time[22, 23].  
Then, the standard deviation 𝜎 of the minimum safety factor of an insulation can be obtained by 
analyzing all the structures and statistically summarizing the resultant different minimum safety factor 
values. In addition, the minimum safety factor of an insulation might lessen which can make the 
insulation length of a reliable optimum solution bigger than that of the analytic optimal solution. The 
feasible region and reliable optimum point are depicted in Figure 11. 
 
 
Fig. 11: A graph showing the feasible region and a reliable optimum point where l is the insulation length 
(the smaller, the better) and horizontal axis represents the variable space of optimization 
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V. Design Optimization 
 
In this chapter, all the details for the design optimization of insulation for HVDC converter 
transformer will be explained using the field analysis technique and the information about the insulation 
introduced in the followed chapters. First, the design objective of this optimization will be clarified. Next, 
the optimization methodology will be explained in detail. 
 
5.1 Design Objective 
As being made clear in Chapter 1, electric stresses induced from DC steady and DCPR voltages have 
considerable effects on the breakdown characteristic of insulation structure of HVDC converter 
transformer so that they must be considered[9, 24]. Also, if the volume of a transformer is small, it is 
expected that the usability and overall value of the transformer will increase. The design objective is 
determined in the according manner, which is to obtain the physically minimum insulation that is also 
robust under those three types of stress conditions. The optimization problem is defined as below. 
 Minimize 𝑓(𝑠𝑚𝑖𝑛, 𝑙, 𝜎) 
(25)  subject to 𝑠𝑚𝑖𝑛 ≥ 𝑠0 
𝑓(𝑠𝑚𝑖𝑛, 𝑙, 𝜎) is the fitness function of insulations which will be described in Section 5.2.3 and 𝑠0 is a 
target safety factor. 
 
5.2 Genetic Algorithm 
Genetic Algorithm is an optimization methodology the most popular technique of evolutionary 
algorithms which mimics the process of the evolutionary process of nature[25]. There are a number of 
strategies in the every step of GA and the specific ones used for this work are as the following. Every 
design variable of individual insulations in a population are encoded into chromosomes. Among the 
population, some individuals are selected into a mating pool to reproduce if their values of fitness 
function calculated from their analysis results are high enough. In the mating pool, a number of pairs are 
chosen at the probability of 𝑝𝑐 to reproduce their offsprings, of which chromosomes possibly mutate at 
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the probability of 𝑝𝑚. The offsprings replace random individuals in current population forming the next 
generation. This procedure repeats a predefined number or until the fitness function converges[25, 26]. 
The entire algorithm of this work optimizes the two target areas introduced in Chapter 3 in a 
sequential way and is shown in Figure 12. The algorithm which do the design optimization of each target 
area using GA is shown in Figure 13. If needed, the optimization of a single area is also possible using the 
algorithm shown in Figure 13. 
 
 
 
Fig. 12: The algorithm (flow chart) of the design optimization when dealing with the two target areas at 
the same time (sequential optimization) 
 
 
34 
 
 
 
Fig. 13: The algorithm (flow chart) used for the two sequential optimizations in Figure 12 using 
Genetic Algorithm 
 
5.2.1 Encoding 
Since the number of design variables is large and they have different length and type, it is hard to 
encode the data using simple encoding schemes such as binary encoding or hexadecimal encoding[25]. 
Among the various encoding schemes, value encoding scheme is chosen because it can handle an 
optimization with a large number of complex variables with different types[25]. The gene structure of a 
chromosome for the two distinct optimizations are shown in Figure 14 and 15 respectively. The names or 
symbols of the variables in the figures can be referred to Table III to VI, and their representations on a 
structure can be referred to Figure 5 and 6, both in Chapter 3. 
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𝑛𝑏 
 
𝑤𝑏,1 𝑤𝑏,2 𝑤𝑏,3 ⋯ 𝑤𝑏,𝑚𝑎𝑥 
 
𝑙𝑜,1 𝑙𝑜,2 𝑙𝑜,3 ⋯ 𝑙𝑜,𝑚𝑎𝑥 
 
※ 𝑛𝑏: the number of barriers to implement 
𝑤𝑏,𝑖: the width of barriers 
𝑙𝑜,𝑖: the length of oil-gaps between barriers 
 
Fig. 14: The gene structure of a chromosome for parallel oil-barrier insulation 
 
 
𝑛𝑎 
 𝑛𝑎,𝑙𝑒𝑓𝑡  𝑛𝑟 
 
𝑝𝑎,1 𝑝𝑎,2 𝑝𝑎,3 ⋯ 𝑝𝑎,𝑚𝑎𝑥 
 
𝑤𝑎,1 𝑤𝑎,2 𝑤𝑎,3 ⋯ 𝑤𝑎,𝑚𝑎𝑥 
 
𝑟𝑎,1 𝑟𝑎,2 𝑟𝑎,3 ⋯ 𝑟𝑎,𝑚𝑎𝑥 
 
𝑤𝑟,1 𝑤𝑟,2 𝑤𝑟,3 ⋯ 𝑤𝑟,𝑚𝑎𝑥 
 
𝑙𝑜,1 𝑙𝑜,2 𝑙𝑜,3 ⋯ 𝑙𝑜,𝑚𝑎𝑥 
 
※ 𝑛𝑎: the number of anglings to implement 
𝑛𝑎,𝑙𝑒𝑓𝑡: the number of left-bent anglings to implement 
𝑝𝑎,𝑖: the attachment position(direction) of anglings(left or right of a barrier) 
𝑤𝑎,𝑖: the width of anglings 
𝑟𝑎,𝑖: the radius of bent-part of anglings 
𝑛𝑟: the number of rings(horizontal ring-barrier) 
𝑤𝑟,𝑖: the width of rings 
𝑙𝑜,𝑖: the length of vertical oil-gaps 
 
Fig. 15: The gene structure of a chromosome for end-winding insulation 
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5.2.2 Decoding 
Decoding is a process in which an encoded chromosome is converted to its corresponding insulation 
structure. For parallel oil-barrier insulation, it can be done in a straight forward way. From the left-most 
position 𝑟𝑙𝑒𝑓𝑡, putting 𝑛𝑏 + 1 oil-gaps and 𝑛𝑏 barriers sequentially using their lengths and widths values 
to the right direction is enough. For example, when 𝑛𝑏 = 3, the first barrier of the width of 𝑤𝑏,1 is firstly 
placed 𝑙𝑜,1 apart left the conductor .Next, the second barrier of the width of 𝑤𝑏,2 is placed 𝑙𝑜,2 apart from 
the first barrier. Lastly, The third barrier of the width of 𝑤𝑏,3 is placed 𝑙𝑜,3 apart from the second barrier, 
and the last oil-gap of the length of 𝑙𝑜,4 is inserted between the third barrier and the right conductor. 
The decoding process for end-winding insulation is complex compared with parallel oil-barrier 
insulation. The process is described below. 
 
1. Implement 𝑛𝑎,𝑙𝑒𝑓𝑡  left-bent anglings of the widths of 𝑤𝑎,𝑖 ’s which are attached to the 
certain(left/right) sides of parallel barriers indicated in 𝑝𝑎,𝑖’s and separated from electro-static 
ring or the just below angling by 𝑙𝑜,𝑖’s, the vertical oil-gap lengths from left to right, where 𝑖 is 
between 1 and 𝑛𝑎,𝑙𝑒𝑓𝑡. 
2. Implement 𝑛𝑎 − 𝑛𝑎,𝑙𝑒𝑓𝑡  right-bent anglings of the widths of 𝑤𝑎,𝑖 ’s which are attached to the 
certain sides of parallel barriers indicated in 𝑝𝑎,𝑖’s and separated from electro-static ring or the 
just below angling by 𝑙𝑜,𝑖’s from right to left, where 𝑖 is between 𝑛𝑎,𝑙𝑒𝑓𝑡 + 1 and 𝑛𝑎. 
3. Implement 𝑛𝑟 rings with the widths of 𝑤𝑟,𝑖’s separated by 𝑙𝑜,𝑛𝑎+𝑖’s  from the highest angling or 
the just below ring from the low to high, where 𝑖 is between 1 and 𝑛𝑟. 
4. Implement the last vertical oil-gap from the highest positioned ring separated by 𝑙𝑜,𝑛𝑎+𝑛𝑟+1. 
 
Two example decodings (constructions) for a parallel oil-barrier insulation and an end-winding insulation 
are depicted in Figure 16. 
 
  
37 
 
 
 
(a) An example parallel oil-barrier insulation decoded from 
𝑛𝑏 = 7, 𝑤𝑏 = {0.5, 3, 3, 3, 3, 3, 0.5}, and 𝑙𝑜 = {7, 9, 8, 9, 10, 6} 
 
 
(b) An example end-winding insulation decoded from 
𝑛𝑎 = 3, 𝑛𝑎,𝑙𝑒𝑓𝑡 = 1, 𝑝𝑎 = {right, left, left}, 𝑤𝑎 = {3, 3, 3}, 𝑟𝑎 = {20, 15, 30} 
𝑛𝑟 = {3, 2}, and 𝑙𝑜 = {26, 28, 10, 29, 22, 10} 
 
Fig. 16: Example insulation structures constructed from chromosomes. 
(The lengths of array variables are reduced to have only necessary elements for an easy look) 
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5.2.3 Fitness Function 
A fitness function has to have, at least, two properties, which has the accordance with the design 
objective and good convergence characteristic. For the accordance with the design objective of this work, 
obtaining a small insulation having the minimum safety factor at least higher than a target safety factor, a 
fitness function which has to be minimized is determined as below. 
𝑓(𝑠min, 𝑙, 𝜎) = {
𝐴𝑙 + 𝐵𝑛 + 𝐶𝜎 , 𝑠𝑚𝑖𝑛 ≥ 𝑠0
𝐴𝑙 + 𝐵𝑛 + 𝐶𝜎 + 𝐷
𝑠𝑚𝑖𝑛
𝑠0
, 𝑠𝑚𝑖𝑛 < 𝑠0
 (26) 
 
A, B, C, D : constants 
n : the number of barriers 
l 
 
 
: insulation length if an insulation 
(for parallel oil-barrier insulation, it is horizontal length) 
(for end-winding insulation, it is vertical length) 
𝑠𝑚𝑖𝑛� 
 
: the minimum safety factor value among the values calculated for AC, DC, and 
at every time step of DCPR with the reliability analysis 
𝑠0 : the target safety factor 
𝜎 : standard deviation of 𝑠𝑚𝑖𝑛 which is calculated using the reliability analysis 
 
In this work, the constants A, B, C, and D in Equation 26 were properly adjusted to get better 
optimization results and convergence characteristic. To get the value of 𝑓, AC, DC, and DCPR analysis 
has to be done on an insulation has. The fitness function 𝑓 is determined in such a way that minimizes 
insulation length, the number of barriers used, and the sensitivity of 𝑠𝑚𝑖𝑛  to the random positional 
deviations of barriers. If the barrier position deviations can be ignored, 𝜎 = 0 in Equation 26. 
In order to obtain 𝑠𝑚𝑖𝑛 of an insulation, dielectric strength 𝐸𝑚𝑎𝑥 is required. As stated in Chapter 4, its 
value in oil is dependent on the oil-gap length which is the length between barriers along the electric field 
line or the contour which is perpendicular to the equipotential line. For parallel oil-barrier insulations, 
getting 𝐸𝑚𝑎𝑥 is simple because of its geometrical characteristic. It can simply done by following any 
horizontal line in the area. However, for end-winding insulation, it is not as easy as the former one, but it 
needs curved contours because of the equipotential line is not parallel as in the case of parallel oil-barrier 
insulations. Therefore, a method to get the contours is required for end-winding insulation analysis. The 
contour determination method is described as below. 
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1. Determine contour starting points where high electric field intensity may appear. 
2. From each point, move a differential distance along the direction of the electric field vector at the 
point. 
3. Repeat (2) until each point reaches a conductor or boundary. 
 
After the determination of a set of contours, 𝐸𝑚𝑎𝑥 in oil-gaps can be calculated in the same way as 
parallel oil-barrier insulation case using Equation 22. In this work, 8 points around the upper-left corner 
of right conductor and 15 points along the boundary of right electro-static ring are chosen to be possible 
points where the strongest electric field can appear. The points are roughly depicted in Figure 17. The 
example contours extracted both in AC and DC excited cases are shown in Figure 18. 
 
 
Fig. 17: The extraction contour starting points on the right side of end-winding insulation 
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(a) Contours in an example insulation when AC stress is applied 
(left: equipotential line / right: electric field distribution) 
 
 
(a) Contours in an example insulation when DC stress is applied 
(left: equipotential line / right: electric field distribution) 
 
Fig. 18: Contours displayed on both equipotential line and electric field distribution 
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5.2.4 Selection, Crossover, and Mutation 
After estimating fitness of each chromosome, selection of chromosomes with high fitness values to 
either survive or reproduce will be done. The selected ones are said being in the pool. For this work, 
Roulette-wheel scheme is used for the selection[25], because it is simple and rational and this problem 
has no obstacles with the scheme. Its brief explanation is as below. 
 
1. Calculate the total fitness by summing up values of fitness of every chromosome. 
2. Select chromosomes depending on the probability which is the ratio of their values of fitness to 
the total fitness. 
 
Among the selected individuals in the pool, some of them are chosen as pairs at the predefined 
probability 𝑝𝑐 to reproduce their offsprings. The chromosomes of them are produced by crossing-over 
their parent’s chromosomes. There are various crossover schemes, and one-point crossover scheme is 
chosen to be used[25]. One-point crossover scheme has properties which are simple to implement and 
rational. But there are cases where the scheme cannot help the algorithm converge. However, fortunately, 
this problem was tried to be solved with the scheme and it has been seen that the scheme worked well so 
that the scheme was chosen to be based on and then modified so that it can handle a large number of 
variables with different types which appears in this work. In this scheme, every variable has its own 
crossover position, and the rough explanation with an example is shown Figure 19. The crossover scheme 
is explained as below. 
 
 For single valued variables such as 𝑛𝑏, 𝑛𝑎, and 𝑛𝑟, first set their data type 32-bit unsigned integer 
and randomly determine their crossover positions 𝑝𝑐𝑣 between 2 and 32, from which each pair of 
variables starts exchanging their bit sequences. 
 For array variables such as 𝑤𝑏 and 𝑙𝑜, randomly determine their crossover positions 𝑝𝑐𝑣 between 
2 and 𝑛𝑚𝑎𝑥�, from which each pair of variables starts exchanging individual values in their arrays. 
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(a) An example variable data before crossover 
 
(b) An example variable data after crossover 
Fig. 19: An example of a crossover of a pair of variables with 𝑝𝑐𝑣 = 3, 𝑛𝑚𝑎𝑥 = 6 
(In real simulation, 𝑛𝑚𝑎𝑥 is much larger than 6 for arrays and 𝑛𝑚𝑎𝑥 = 32 for single variables) 
 
After the crossover of the pairs, mutation will possibly occur in the chromosomes of every offspring. 
The mutation algorithm can be simply implemented as shown in Figure 20 with a predefined mutation 
possibility 𝑝𝑚[26].  
 
 
Fig. 20: The mutation algorithm 
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VI. Simulation and Results 
 
In this chapter, a number of simulation results will be provided and compared with reference 
insulations to see the design objective is satisfied. The reference structures are designed by a method that 
only determines insulation length and the number of barrier numbers in an analytic way so that other 
design parameters must be adjusted by redundant insulation analyses to verify the safety of the 
determined design parameters, which, of course, requires a lot of time. The results firstly to be shown and 
compared are parallel reference and optimized parallel oil-barrier insulations under different 
environments. From these results, we will see the satisfaction of the design objective and find the 
difference caused by DC and DCPR stresses added to AC stress and the barrier positional deviations. The 
second result to be shown is the structure and analysis result of an end-winding insulation which is 
optimized based on a particular parallel oil-insulation barrier under AC and DC stresses. 
 
6.1 Parallel Oil-Barrier Insulation 
6.1.1 Design Optimization based on an AC Reference Insulation 
First, to see the satisfaction of the design objective, an AC reference insulation designed for 282.6kV 
(AC@60Hz, magnitude) on the right conductor with the values shown in Table VII is introduced and 
compared with an insulation which is optimized by the algorithm developed in the former chapters. In the 
type of tables such as TABLE VII, 𝑙𝑖𝑛𝑠  is the total insulation length either horizontal or vertical 
depending on the type of insulation and other variables can be referred to Section 3.1 for their meanings 
and relations to insulation structures. The analysis result of the reference structure shown in Table VII is 
shown in Figure 21. In this type of analysis results, the regions with high dielectric constants (allowable 
electric fields) are barriers and other regions are oil. 
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TABLE VII: The design parameters of a reference parallel oil-barrier insulation designed for 282.6kV 
(AC@60Hz) excitation 
Variable Value 
𝑟𝑙𝑒𝑓𝑡 344mm 
𝑛𝑏 5 
𝑤𝑏 {2, 3, 5, 3, 5} mm 
𝑙𝑜 {5, 7, 5, 7, 7, 5} mm 
𝑙𝑖𝑛𝑠 54mm 
𝑠0 1.12 
𝑠𝑚𝑖𝑛 1.2417 
 
 
Fig. 21: The analysis result of the insulation specified in Table VII 
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By the optimization of a parallel oil-barrier insulation with the same excitation and restrictions used in the 
reference insulation, the below optimization result is obtained and its analysis result is shown Figure 22. 
 
TABLE VIII: The design parameters of an optimized parallel oil-barrier insulation designed for 282.6kV 
(AC@60Hz) excitation 
Variable Value 
𝑛𝑏 4 
𝑤𝑏 {2, 3, 5, 5} mm 
𝑙𝑜 {5, 7, 8, 9, 5} mm 
𝑙𝑖𝑛𝑠 49mm 
𝑠𝑚𝑖𝑛 1.1227 
 
 
Fig. 22: The analysis result of the insulation specified in Table VIII 
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As comparing Table VII and VIII, we can see that 𝑠𝑚𝑖𝑛 became closer to 𝑠0, the target safety factor, and 
also the insulation length 𝑙𝑖𝑛𝑠 decreased by 5mm. From the comparison, it is shown that the optimization 
algorithm reduced the insulation length while retaining the safety of the insulation, which is the 
satisfaction of the design objective clarified before.  
However, because the insulation is designed virtually only for AC, its safety under DC and DCPR 
stresses cannot be guaranteed. To see its safety under 500kV DC and DCPR stresses, the insulation is 
analyzed with the stresses. The time-varying voltage profile in Figure 7 is used for DCPR analysis. The 
analysis result can be seen in Figure 23 and the excited field values of DCPR simulation are their 
maximum values within the total analysis duration. As shown in the figure, the minimum safety factor is 
much below than unity, which leads to the danger of electrical breakdown. 
Using the optimization algorithm developed in this thesis, an optimization result under the same 
stresses is obtained which is in Table IX. The convergence graph for this optimization result is shown in 
Figure 24. As shown the table, the minimum safety factor is slightly higher than the target safety factor 
1.12, but the insulation length is increased to make the insulation robust even in the DC and DC polarity 
stress conditions. 
 
TABLE IX: The design parameters of an optimized parallel oil-barrier insulation designed for 283kV 
(AC@60Hz), 500kV (DC), and 500kV (DCPR) stresses 
Variable Value 
𝑛𝑏 10 
𝑤𝑏 {2, 4, 5, 2, 4, 2, 2, 2, 2, 5} mm 
𝑙𝑜 {5, 10, 13, 15, 13, 14, 24, 30, 8, 24, 17, 5} mm 
𝑙𝑖𝑛𝑠 191mm 
𝑠𝑚𝑖𝑛 1.1261 
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Fig. 23: The analysis result of the insulation specified in Table IX 
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Fig. 24: The convergence graphs for the result shown in Table IX 
 
To see the effects of the reliability analysis to the design optimization, a design optimization with the 
reliability analysis is performed under 282.6kV@60Hz, 500kV DC, and 500kV DCPR stresses. The 
barrier position deviations are modeled as a normal distribution with a standard deviation of unity and the 
mean values of their supposed positions. The optimization result can be seen in Table X and its analysis 
result can be seen in Figure 25. By comparing the result to the result optimized without the reliability 
analysis shown in Table IX, it can be found a longer insulation length is needed to deal with unpredictable 
deviations of barriers positions.  
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TABLE X: The design parameters of an optimized parallel oil-barrier insulation designed for 283kV 
(AC@60Hz), 500kV (DC), and 500kV (DCPR) stresses with the reliability analysis 
Variable Value 
𝑛𝑏 10 
𝑤𝑏 {2, 2, 3, 3, 4, 3, 2, 2, 3, 5} mm 
𝑙𝑜 {5, 9, 13, 15, 23, 28, 19, 7, 27, 22, 5} mm 
𝑙𝑖𝑛𝑠 202mm 
𝑠𝑚𝑖𝑛 1.1425 
 
 
Fig. 25: The analysis result of the insulation specified in Table XII 
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6.1.1 Design Optimization based on an HVDC Reference Insulation 
In order to see that the design optimization produces an insulation which satisfies the design objective 
even for the HVDC stresses, another reference insulation which is designed for 776kV (AC@60Hz), 
838kV (DC), and 460kV (DCPR) stresses is introduced in Table XI. The analysis result of the reference 
insulation is shown in Figure 26. 
 
TABLE XI: The design parameters of a reference parallel oil-barrier insulation designed for 776kV 
(AC@60Hz), 838kV (DC), and 460kV (DCPR) stresses 
Variable Value 
𝑟𝑙𝑒𝑓𝑡 885mm 
𝑛𝑏 12 
𝑤𝑏 {2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 2, 5} mm 
𝑙𝑜 {5, 9, 10, 10, 10, 10, 10, 10, 9, 9, 9, 9, 5} mm 
𝑙𝑖𝑛𝑠 142mm 
𝑠0 1.0 
𝑠𝑚𝑖𝑛 1.0621 
 
The design optimization result with the same environment with the insulation specified in Table XI is 
shown in Table XII. Its analysis result is shown in Figure 27. 
 
TABLE XII: The design parameters of an optimized parallel oil-barrier insulation for 776kV (AC@60Hz), 
838kV (DC), and 460kV (DCPR) stresses 
Variable Value 
𝑛𝑏 10 
𝑤𝑏 {2, 4, 3, 3, 3, 3, 2, 2, 3, 5} mm 
𝑙𝑜 {5, 9, 8, 11, 12, 13, 10, 14, 8, 13, 5} mm 
𝑙𝑖𝑛𝑠 138mm 
𝑠𝑚𝑖𝑛 1.0048 
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Fig. 26: The analysis result of the insulation specified in Table XI 
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Fig. 27: The analysis result of the insulation specified in Table XII 
 
By comparing Table XI and XII, it can be seen the insulation length shortened and the safety factor 
became closer to the target safety factor which is unity, leading to the fact that the design objective is 
well-achieved even under HVDC stresses. 
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6.2 End-Winding Insulation 
The design optimization of end-winding insulation requires its base parallel oil-barrier insulation, 
because an end-winding insulation must be placed above a parallel oil-barrier insulation. In this work, the 
parallel oil-barrier insulation shown in Table XII based the design optimization of end-winding insulation, 
which is an insulation designed for the excitations of 300kV@60Hz and 500kV@0Hz (DC) on its right 
conductor. Two design restrictions are added to the optimization for simplicity, which are the fixed 
widths of anglings and rings to 3mm. The resultant design parameters of the end-winding insulation 
which is optimized based on that parallel oil-barrier insulation is shown in Table XIII. Its rotational plot 
and AC/DC analysis results are shown in Figure 28, 29, and 30 respectively. As seen in Table XIV and 
Figure 30, the minimum safety factor is above the target safety factor, which means that the insulation is 
robust under the AC and DC excitations. 
 
TABLE XIII: The design parameters of an optimized parallel oil-barrier insulation designed for 300kV 
(AC@60Hz) and 500kV (DC) 
Variable Value 
𝑟𝑙𝑒𝑓𝑡 883.5mm 
𝑛𝑏 5 
𝑤𝑏 {5, 3, 3, 3, 5} mm 
𝑙𝑜 {5, 23, 16, 11, 21, 5} mm 
𝑙𝑖𝑛𝑠 100mm 
𝑠0 1 
𝑠𝑚𝑖𝑛 1.3943 
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TABLE XIV: The design parameters of an end-winding insulation optimized based on the parallel oil-
barrier insulation specified in Table XIII 
Variable Value 
𝑛𝑎,𝑙𝑒𝑓𝑡 0 
𝑛𝑎,𝑟𝑖𝑔ℎ𝑡 3 
𝑤𝑎 {3, 3, 3} mm 
𝑟𝑎 {15, 16, 30} mm 
𝑝𝑏 {left, right, left} 
𝑛𝑟 3 
𝑤𝑟 {3, 3, 3} 
𝑙𝑜 {18, 6, 22, 6, 21, 6, 19} 
𝑙𝑖𝑛𝑠 140mm 
𝑠0 1 
𝑠𝑚𝑖𝑛 1.0673 
 
 
Fig. 28: The rotational plot specified in Table XIV 
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Fig. 29: The AC analysis result of the end-winding insulation specified in Table XIV 
 
 
Fig. 30: The DC analysis result of the end-winding insulation specified in Table XIV 
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VII. Conclusion 
 
A standardized and automated method of the design optimization of insulation of HVDC converter 
transformer is proposed, aiming for the reduction of insulation length while maintain robustness under 
HVDC stresses. In the optimization method, one-dimensional and two-dimensional FEM analysis method 
are used with a reliability analysis to deal with unpredictable barrier position deviations which can be 
caused by manufactural inaccuracy and electric field oscillations. The design optimization is separated 
into two distinct optimizations for two important areas of the insulation which are conductor-conductor 
parallel oil-barrier insulation and end-winding insulation. The optimization algorithm is developed in 
such a way that can optimize the two areas both independently and at the same time in a sequential way.  
This suggested algorithm is expected to help engineers design HVDC converter transformer insulation 
with the aid of the modern computing power, which can save a lot of effort and time consumed in the 
process. In addition, this algorithm can be applied to many other structures such as bushing insulation, 
lead-exit or lead-lead insulation, or even other mechanical devices for apparently different purposes by 
modifying design variables fitness function. 
The comparisons of the optimized parallel oil-barrier insulations with reference parallel oil-barrier 
insulations show that the suggested optimization algorithm works well in a desired way. For both the AC 
and HVDC optimized insulation structures, the insulation length can be reduced by 5% compared to the 
reference insulation structures on average, while retaining their safety factors above the target safety 
factors. If barrier positional deviations are considered incorporating the reliability analysis introduced in 
Chapter IV, insulation length increased 4.7% with increased safety factor. 
For end-winding insulation, an insulation optimized under AC and DC stresses is also shown in 
Chapter VI. The resultant insulation structure’s design parameters and cross-section are presented. The 
optimization of the type of insulations requires two-dimensional FEM analysis so that the optimization 
required more computational time than the oil-barrier insulation optimization which is sufficient with 
one-dimensional analysis. Because of the computation time, the reliability cannot be analyzed for the 
insulation. To solve this problem, a faster two-dimensional FEM analysis method is needed to be 
developed. In this thesis, for the end-winding insulation optimization, insulation length comparison with a 
reference insulation and DCPR stress are not considered which should to be taken into account in the 
future work.  
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